Heterotopic ossification (HO) is a common occurrence after multiple forms of extensive trauma. These include arthroplasties, traumatic brain and spinal cord injuries, extensive burns in the civilian setting, and combat-related extremity injuries in the battlefield. Irrespective of the form of trauma, heterotopic bone is typically endochondral in structure and is laid down via a cartilaginous matrix. Once formed, the heterotopic bone typically needs to be excised surgically, which may result in wound healing complications, in addition to a risk of recurrence. Refinements of existing diagnostic modalities, like micro-and nano-CT are being adapted toward early intervention. Trauma-induced HO is a consequence of aberrant wound healing, systemic and local immune system activation, infections, extensive vascularization, and innervation. This intricate molecular crosstalk culminates in activation of stem cells that initiate heterotopic endochondral ossification. Development of animal models recapitulating the unique traumatic injuries has greatly facilitated the mechanistic understanding of trauma-induced HO. These same models also serve as powerful tools to test the efficacy of small molecules which specifically target the molecular pathways underlying ectopic ossification. This review summarizes the recent advances in the molecular understanding, diagnostic and treatment modalities in the field of trauma-induced HO. (Translational Research 2017;186:95-111) Abbreviations: ACVR ¼ activin A
NSAID ¼ non-steroidal anti-inflammatory drug; PLIMF ¼ pulsed low intensity electromagnetic field; RAR ¼ retinoic acid receptor; RT ¼ radiotherapy; SCI ¼ spinal cord injury; SPECT ¼ single photon emission computed tomography; TBSA ¼ total body surface area; VEGF ¼ vascular endothelial growth factor
TRAUMA-RELATED HO: DEFINITION AND EPIDEMIOLOGY
'Heterotopic ossification' (HO) is a term used to refer to formation of benign mature bony elements in extraskeletal sites, including soft tissues and joints. Heterotopic ossification is a frequent complication associated with post-traumatic healing in clinical conditions such as fractures, spinal cord injury, traumatic brain injury, blast injuries, severe burns, and extensive surgeries, such as hip arthroplasty, acetabular, and elbow surgeries. [1] [2] [3] [4] In addition to trauma-induced localized HO as described above, this pathological phenomenon is also seen systemically in a rare genetic disorder, 'Fibrodysplasia Ossificans Progressiva' (FOP), where heterotopic bone forms in soft tissues and joints, either sporadically or in response to an external trauma. 5 Interestingly, in both nongenetic and genetic cases, this bone forms at sites with a high concentration of connective tissue cells (perimysium, periosteum, peritenon) and entheses.
Epidemiologically, trauma-related HO can be classified into 2 broad categories: civilian patients and combat casualties. While cases encompassing the former category have been listed above, the second category includes a large majority of returning service members sustaining combat-related lower extremity amputations, where trauma-induced HO is a common occurrence in the residual and salvaged limbs. 6 There are distinct differences between the HO seen in traumatic civilian settings vs those seen in combat casualties, both in terms of prevalence and treatment. Under civilian settings, axial and appendicular HO is seen in around 11-20% of the patients with traumatic brain or spinal cord injuries, 3 in 20% of the patients with forearm fractures, with the highest prevalence of HO among femoral shaft fractures (52%) 7 and in severe burn patients (60%). 8 On the other hand, the frequency of HO seen in combat casualties increases to as high as 65% in post blast, extremity-injured amputees. 9 Second, the prophylactic management of HO between civilian and combat cases has significant differences. Nonsteroidal anti-inflammatory drugs (NSAIDs) and radiotherapy are the standard prophylactic means to inhibit postsurgical HO in civilian settings. Despite wide use, their efficacy is limited and the deleterious effects on local tissues caused by these modalities can preclude secondary reconstruction. Given the complexity of combat wounds, involving the salvage and reconstructive challenges (multiple organ trauma involving extensive soft tissue, osseous, vascular and neural damage, large zones of injury heavily contaminated with foreign debris that require serial debridements, trauma-related infection, and so forth), the use of NSAIDs in this setting is restrictive. Use of radiotherapy as a prophylactic agent is time-sensitive, which makes it unfeasible for use in the combat casualty care setting.
DIFFERENCES BETWEEN GENETIC HO AND TRAUMA-INDUCED HO
HO is a hallmark pathology seen in an extremely rare genetic disorder, FOP, which is characterized by a mutation in the GS regulatory domain of BMP type I receptor, ACVR1. This mutation results in a single amino acid substitution (R206H), rendering the receptor hypersensitive to activating ligands, and refractory to inhibitory signals. 10 Multiple mouse models of this mutation have been developed, which have proven invaluable in dissecting the cellular and molecular mechanisms of HO, in addition to developing promising drug candidates targeting HO. [11] [12] [13] [14] Similar to trauma-induced HO, genetic HO also occurs via endochondral ossification. Hence, many findings from studies on FOP have been extended to unravel mechanisms and preventative strategies in trauma-induced HO. However, there are critical differences that set apart these two forms of HO. One of the differences is the presence of congenital malformation of the great toe, a classic diagnostic feature of FOP patients. 10 Unlike trauma-induced HO, which is solely triggered by injury, genetic HO has both injurymediated (involving skeletal muscle), and noninjury mediated (involving tendons and ligaments) components, 15 though nontraumatic inflammation may still play a role. Such inflammation, usually referred to as a 'flare-up', has been recently reported to have propensities for specific regions in the axial and appendicular skeleton, 16 which is not seen in trauma-induced HO. These regions involve the back, neck, and jaw in the axial skeleton. The worst flare-ups are in the appendicular skeleton, in particular the shoulder region and the pelvic girdle area. Another interesting observation in this study was the predominance of axial flare-ups before 8 years of age, after which appendicular flareups were more common. Unlike trauma-induced HO, genetic HO is progressive, resulting in the formation of an ectopic skeleton, and fusion with the existing skeleton over time. Trauma-induced HO most often results after extensive soft tissue injury and inflammation, whereas in FOP, a minor local inflammatory flare, like that induced by vaccination, is sufficient to trigger HO. Owing to this, surgical excision, which is the first-line treatment for trauma-induced HO cannot be carried out in FOP patients. 10 Glucocorticoids are commonly used among FOP patients to control inflammation (flare-ups). 16 Hence the combinatorial requirement of receptor mutation and injury sets apart the underlying mechanism of HO in FOP from its nongenetic, trauma-induced counterpart.
ECTOPIC BONE DEVELOPMENT POST-TRAUMA: ENDOCHONDRAL OSSIFICATION, NOT TISSUE CALCIFICATION
Despite the epidemiological and causative differences between the different forms of trauma-induced HO, there are striking similarities in the structure and characteristics of the ectopic bone formed in all the cases (Fig 1) .
Unlike tissue calcification, which occurs due to aberrant mineralization, resulting in calcium deposition, ectopic bone development after trauma follows the highly orchestrated mechanism of 'endochondral ossification', the phenomenon underlying embryonic development of long bones. [17] [18] [19] [20] Endochondral ossification refers to the process of formation of bone wherein a cartilage intermediate is formed and replaced by bone cells, typically seen in long bones with a central marrow element. This is in contrast to intramembranous ossification, where bone is produced from the direct conversion of mesenchymal tissue, without a cartilage intermediate as seen in craniofacial development. 21 Endochondral ossification is initiated via deposition of a hyaline cartilage template by chondrocytes. Ossification of this cartilage template proceeds via 2 centers of ossification; the primary center being the middle of the cartilage shaft (diaphysis), and the second being the ends of the shaft (epiphysis). At these 2 sites, osteoclasts absorb the cartilage, endothelial cells invade, forming new blood vessels, bringing in osteoblasts which lay down a bony matrix, which forms primary trabecular bone. The outer layer of the cartilaginous matrix is replaced by bone, to form the periosteum, whereas osteoclasts breakdown the trabecular bone to form the medullary space or bone marrow cavity. This describes the progression of both embryonic long bone formation, as well as heterotopic ossification developed post-trauma. In general, the cell fate decisions of mesenchymal stromal cells (MSCs) during bone regeneration are primarily driven by mechanical transduction mechanisms and environmental signals. 22 Endochondral bone formation most often occurs external to the periosteum in areas that are mechanically less stable and adjacent to the fracture site, whereas intramembranous ossification occurs internal to the periosteum at the proximal and distal edges of the callus and forms hard callus. 22, 23 The mechanical stimulus/loading/strain and physical microenvironment (motion at the site of injury) associated with nonstabilized fractures promotes endochondral ossification whereas stabilized fracture healing primarily occurs via intramembranous ossification. 24 Chondrocytes and osteoblasts initially secrete collagen matrices that calcify and bridge the fracture site resulting in callus formation, a process which drives the recruitment of cells from surrounding tissues for angiogenesis and remodeling, 25 key components of bone repair. In addition to synthesis of random disorganized woven bone, osteoblasts synthesize and secrete into the bone matrix space a variety of bone matrix proteins, including collagen type 1 alpha 1, osteocalcin, osteopontin, alkaline phosphatase (ALP), fibronectin, and bone sialoprotein II. 26 Overtime, the initial bony callus is revascularized and remodeled/reshaped, entailing multiple coupling cycles of bone deposition or production by osteoblasts and bone resorption by osteoclasts. 27 
DIAGNOSTICS: CT, RAMAN, NIR, ULTRASOUND
Early reliable and accurate diagnosis of HO is key to its management, prophylaxis, and treatment. Multiple radiographic and imaging modalities are currently used to diagnose HO post-trauma. Often, the initial symptomatic indicators of heterotopic ossification are those linked with aberrant wound healing, such as tissue ulceration, decreased range of motion, joint contractures, and pain. The choice of imaging modality used depends on multiple factors, such as the specific trauma in question, anatomic location of HO, swelling, extent of soft tissue involvement, and the HO burden.
Conventional radiography (X-ray) is typically the first choice to diagnose heterotopic ossification, 28, 29 followed by more sensitive nuclear bone scans for early detection. Ultrasonography is often used in spinal cord injuries, and post hip surgeries to detect heterotopic bone formation. 30, 31 Ultrasound can also indicate abnormalities in soft tissues before radiographic detection of bone, 30 which serves to be a useful early diagnostic tool. However, distinguishing between nascent mineralization and mature mineralized bone in an ultrasound scan can be challenging.
Magnetic resonance imaging and computed tomography (CT) scans are other sensitive, high-resolution imaging modalities used to detect heterotopic bone formation. [32] [33] [34] Magnetic resonance imaging can be confidently used for the diagnosis of exclusively mature HO, since the signal associated with early HO lesions is heterogeneous. 35 Both contrast-enhanced and noncontrast CT scans are used to visualize HO, depending on the location of the ectopic bone and associated soft tissue inflammation. 36, 37 Although the sensitivity of micro-CT, rather than conventional CT scans, has been shown to be significantly higher in detecting early HO lesions, this may have questionable clinical utility. 38, 39 An emerging, high-resolution imaging technique, nano-computed tomography, is an advancement of micro-CT. Using special target transmission tubes and specific detectors, a very high spatial resolution (400 nm) can be achieved, thereby increasing its sensitivity several-fold as compared with micro-CT. Though currently being used primarily for preclinical laboratory-based studies, 40 nano-CT has tremendous potential to transition to the clinic. Recent studies have demonstrated that combining MR and CT imaging greatly increases the sensitivity to distinguish early vs mature HO, infections and soft tissue inflammation. 35, 41 In addition, SPECT imaging modalities can be added to CT imaging to improve the assessment of sites of inflammation. 42 Early diagnosis of post-traumatic heterotopic ossification is the key to timely intervention and prophylactic management of HO. Missing the early window of diagnosis results in progression of HO, which may lead to complications such as nerve impingement, joint contractures, pain, and limited range of motion. At later stages, surgical excision is the only option to remove heterotopic bone, which risks wound healing complications, delayed therapy, rehabilitation, as well as the risk of recurrence. 43 Recent efforts in management of trauma-associated HO have therefore focused on diagnostics with high sensitivity and specificity for early detection of HO.
Currently, the most commonly used modality to visualize early HO is a 3-phase radionuclide bone imaging, originally developed more than 3 decades back. 28, 44 Using this scan, soft tissue swelling is detected after 3 weeks, and calcification is often seen a week later. 44 Presence of excessive soft tissue inflammation, as seen in case of burns and combat-associated HO has been suggested to complicate diagnosis using this modality, resulting in false positives. 45 A recent study reported the successful use of Raman spectroscopy ex vivo to detect very early HO lesions (,16 days post-trauma) in combat-wounded patients. 46 The high sensitivity and specificity of noninvasive in vivo transcutaneous Raman spectroscopy was also demonstrated recently in a murine model of burn-induced HO. 45 Using the same model, Perosky et al 43 demonstrated the superior sensitivity of yet another novel imaging modality, the noninvasive 'near infrared' (NIR) fluorescent imaging to detect HO as early as 5 days post-trauma. Reflectance, which is a marker for vascularity and inflammation, has also recently been shown to be an option for further development. 47 Hence diagnostic strategies to detect early heterotopic ossification are steadily progressing, either in terms of adding new imaging modalities or fine tuning and modifying existing techniques from other applications for early detection of HO.
Beyond imaging, serum, blood, or urine biomarkers would also allow for earlier detection and possibly prophylactic intervention into traumatic HO. Previous studies have demonstrated an increase in matrix metalloproteinase 9 (MMP9) and IL-3. 48, 49 However, given the amount of inflammation in high-energy wounds with or without HO, it is difficult to obtain a useful signal-to-noise ratio. Ongoing proteomic and genomic studies are attempting to further improve current technologies.
MODELS TO STUDY TRAUMA-INDUCED HO
Rat model of blast injury: blast injury, femur fracture, softtissue crush injury, and trans-femoral amputation through the zone of injury. Blast-and combat-related orthopedic injuries have the highest prevalence of HO among all types of trauma-induced heterotopic ossification, as stated earlier. In addition to the high prevalence, multiple aspects of blast injuries set it apart from civilian trauma. The zone of blast injury is often characterized by large open wounds, with dirt, debris, and possible infection. Each of these aspects and their combination contributes to the development of heterotopic ossification in combat-injured amputees. This unique nature of combat-related HO necessitated the development of animal models that closely resemble blast-injury-specific HO, since the existing models of HO either use bone morphogenetic proteins or genetic mutations to induce HO 50, 51 ; models that are far removed from the combat injury scenario.
Different groups have developed different methods to recreate a blast injury. One of the models utilized a manually assembled aluminum platform with a small orifice at the center, placed above a water-filled chamber. In this setup, a 0.75-g charge of pentaerythritol tetranitrate is placed at the bottom of the chamber and detonated using a commercially available detonation box, typically used for large-scale detonations. Tannous et al 52 utilized this method in a rat model, to demonstrate that hindlimb amputation leads to significantly higher rates of HO than forelimb amputation. Utilizing the same procedure, Jaffe et al 53 reported that the type of blast media (sand vs water) has no difference on the development or the severity of HO.
Other models utilize commercially available pneumatically driven shock tubes, where blast pressures can be regulated, timed, and quantified. 54 Blast overpressure (BOP) is a critical parameter, typically encountered by combatants in the battlefield who are exposed to improvised explosive device explosions. Blast overpressure refers to the shock wave generated by pressures over and above normal atmospheric pressures and can range from a low of 30 KPa (4 psi) to a high of over 120 KPa (.15 psi). 54 Such a pneumatically controlled BOP platform was utilized by Polfer et al 55 to develop a rat model of trauma-induced HO. This model combines all the critical aspects of combat-mediated HO, namely blast injury, femoral fracture, crush injury, followed by trans-femoral amputation through the zone of injury. A BOP of 120 KPa (17 psi) is used, followed by creation of a midshaft femoral fracture using a commercially available drop weight apparatus, dropped from a specific height. This is immediately followed by rotating the fracture site between the 2 anvils of the support stage, in conjunction with application of a pressure of 20 psi for one minute, to simulate crush injury. Following this, a trans-femoral amputation is performed through the zone of injury.
Using this model, the authors demonstrated consistent HO in all animals subjected to BOP with amputation, HO in 66% animals with amputation alone, whereas none of the animals subjected to BOP alone developed HO. This is currently the only model which closely simulates all the aspects of a combat injury. Utilizing this model, Qureshi et al 56 demonstrated the upregulation of chondrogenic and osteogenic genes in the injured soft tissue, during early phases post injury, thereby mapping the kinetics of ectopic endochondral bone development post combat injury. The same model was utilized by Pavey et al 57 to explore the effect of early bacterial infection of traumatized muscle on HO development post amputation. Inoculation of injured rats with a strain of methicillin-resistant Staphylococcus aureus (MRSA) commonly found in combat wound infections, resulted in persistent colonization of the wound and bone marrow, with a significant increase in the volume of ectopic bone. This is consistent with the idea that increasing inflammation at the site of a wound increases the risk of HO. After incorporating MRSA infection post amputation in this model, the same group recently demonstrated the efficacy of a retinoic acid receptor-ɣ (RAR-ɣ) agonist, palovarotene, in inhibiting HO formation. 58 Further the same group demonstrated that early vancomycin targeted antimicrobial therapy with intrawound application of vancomycin powder achieved complete eradication of infecting organisms and significantly attenuated ectopic formation 59 This small animal model is the closest replication of blast-injury-induced heterotopic ossification so far. However, the model has its own limitations, in that the animals are subjected to sequential injury patterns, whereas all these injuries occur simultaneously in the battlefield. Second, limb amputation and definitive wound closure occurs shortly after injury in this model, whereas this happens at a much later stage in clinical setting.
Burn/tenotomy model of HO. Heterotopic ossification is an uncommon complication (1-3%) of burn injuries, when compared with its prevalence in the combatinjured group. 60 However, this frequency goes above 50% in extensive third-degree burns. 45 In the 'burned mouse model' typically used to simulate a burn injury, a mouse is placed in a well-insulated custom mold, such that 30% of depilated dorsal skin is exposed to a hot water bath at 60 C for 15-20 seconds. This results in a partial thickness scald burn injury. 45, 61 Sterile dry gauze is used for wound debridement, and animals are resuscitated by intraperitoneal and subcutaneous administration of Ringer's Lactate solution. After wound drying, a sterile dressing is applied to prevent wound infection. Utilizing this model, Peterson et al 18 demonstrated that mesenchymal stem cells, embedded within a subcutaneously implanted collagen scaffold, resulted in significant increase in bone formation when subjected to burn injury.
Heterotopic ossification associated with burns is commonly seen to occur around joints and at sites with a large number of scleraxis-expressing cells. 60, 62, 63 Simulation of musculoskeletal trauma in the burned mouse model is created by Achilles tendon transection (Achilles tenotomy) concomitant to a burn injury. 45 In the tenotomy model, an incision is made lateral to the Achilles tendon, followed by creating a sharp transection at the midpoint, between the origin of the Achilles at the distal end of gastrocnemius and its insertion on the calcaneus. Achilles tendinopathies and tendon trauma alone often result in endochondral HO. 64 However, the extent of HO in the tenotomy model, post burn was significantly higher, indicating to the role of burn injury-mediated systemic inflammation on HO. 61 This bone develops with similar stages to human HO with the early inflammation and hypoxia followed by mesenchymal condensation, chondrogenesis, and subsequent osteogenesis. 65, 66 In addition, as in human patients, excision of HO leads to recurrence within the wound bed. 67 Both combat and burn injury models simulate injury of the skeletal muscle and/or connective tissue (tendons), in addition to generation of systemic inflammation. However, considering the multiple, simultaneous impact injuries, amputation and infection involved in the combat injury model, the extent and dynamics of local and systemic inflammation in this model can be speculated to be starkly different from the burntenotomy injury model. It would be interesting to identify the differential acute and chronic inflammatory players in these 2 models, to understand the traumaspecific correlate of HO.
Spinal cord injury model. Patients with severe traumatic brain or spinal cord injury, with or without limb involvement, have been shown to develop HO, [68] [69] [70] often referred to as 'neurological HO'. Interestingly, the majority of neurological HO was periarticular, frequently at the hip, knee, elbow, and shoulder. [71] [72] [73] Multiple risk factors for neurological HO were reported in studies of independent patient cohorts; namely injury severity, time lapsed from the injury, extent of autonomic dysregulation, and spasticity. 68, 72 Despite patient data, understanding of the molecular mechanisms of neurological HO is sparse, due to absence of relevant HO-specific animal models of spinal cord injury (SCI) or traumatic brain injury, till very recently. Kang et al reported the first mouse model of SCI-induced HO, which also required a subthreshold dose of bone morphogenetic protein 2 (BMP-2) in the muscle of mice, in addition to SCI. 74 In this model, SCI is simulated by generating a spinal cord contusion after subjecting the mice through a dorsal midthoracic laminectomy. A 35 gm stainless steel rod is dropped on the exposed spinal cord at the thoracic (T)-10 level, from a height of 50 mm, with a penetrating depth of 1.8 mm, resulting in complete paraplegia. In this study, SCI was followed by injection of BMP-2 mixed in a heparin-chitosan hydrogel, into the quadriceps.
Recently, a more physiological SCI mouse model was reported by Genêt et al 73 by combining SCI and intramuscular injury. SCI was created by transection of the spinal cord between T7-T8 vertebrae, following which the right hamstring muscle was injected with the snake venom cardiotoxin to generate acute inflammation, whereas the contralateral muscle was left uninjured. Micro-CT imaging clearly demonstrated the formation of mature HO with marrow elements, exclusively in the injured limb. Detailed histological analysis revealed homing and infiltration of macrophages around the HO.
BMP scaffold implantation model. The ligands of the BMP signaling pathway, BMPs-2 and 4 have been known to induce bone formation for several decades. 75, 76 The majority of studies have traditionally utilized this fact to recreate HO in vivo [77] [78] [79] or dissect mechanistic basis of HO in vitro. 18, 80 Bone morphogenetic protein 2 is the most commonly used ligand to induce ectopic bone formation and is typically mixed with a 'scaffold', which can be either a resorbable synthetic polysaccharide-based hydrogels, 81 or a biological matrix, like collagen or the commercially available extracellular matrix complex matrigel. 77 Since the presence of BMP-2 invariably gives rise to bone formation at its site of action, use of such BMP scaffolds is common to test ectopic osteogenesis. However, the physiological relevance of this model is questionable, since most cases of genetic and traumainduced HO is not known to be caused by local induction of a high concentration of BMP-2. Hence, in trauma-induced HO, BMP scaffolds might serve as ideal 'positive controls' to induce HO, in conjunction with specific trauma models to test HO.
POTENTIAL CAUSES AND MECHANISM
The development of normal healthy skeletal bone, a mineralized and vascularized tissue, is a complex and highly orchestrated physiological process. Bone healing and regeneration, akin to wound healing of any other tissue, involves hematoma formation, tissue inflammation, MSC recruitment, skeletal tissue regeneration, extracellular bone matrix accumulation, angiogenesis, and bone remodeling. 82 Bone marrow and local tissue resident inflammatory macrophages likely contribute to the early inflammatory response. Bone marrow MSCs and tissue-derived MSCs contribute to tissue repair and regeneration through tightly controlled interactions involving paracrine effects and direct differentiation of osteoblasts, chondrocytes, fibroblasts, myoblasts, or adipocytes, depending on stimuli present in their microenvironment. 83 Correlation between wound healing complications and HO. Bone fractures heal by 2 distinct reparative pathways, endochondral and intramembraneous ossification. In both the processes, MSCs, nonhematopoietic cells, home and migrate to the site of injured tissue in response to a gradient of complex signaling cascades involving the local release of growth factors and inflammatory cytokines/mediators. 84 Once mobilized and homed to the site of injury, a variety of molecules (chemokines, adhesion molecules, and matrix degrading enzymes/inhibitors) regulate and facilitate extracellular movement of undifferentiated MSCs within the injured tissue. These recruited MSCs give rise to either mesenchymal osteoblasts, which directly form bone (intramembranous ossification) or to osteochondroprogenitors, which form an intermediate cartilaginous template, which is subsequently replaced by bone forming cells (endochondral ossification). 22, 27 These early dynamic developmental pathways of MSC proliferation and differentiation are governed by the master transcriptional regulators Runx2 (Cbfa1) and Sox9, respectively.
A common link among all trauma-induced heterotopic ossification is the presence of tissue injury and inflammation at the onset of trauma. Intimate involvement of the immune system has been reported, at least in the early stages of trauma-induced HO, [85] [86] [87] [88] indicating a common etiology of ectopic ossification. In fact a strong acute inflammatory response (flareups), mediated by minor injuries and vaccinations is also associated with the genetic form of HO, FOP. 85, 89 Cytokine profiling of wound effluents and serum collected from high-energy combat injury patients, before definitive wound closure found a strong association between impaired wound healing and development of HO. 87 Interleukins (IL-6, IL-10) and MCP-1 in serum, and IP-10 and MIP1a in wound effluent were individually found to strongly correlate with the development of HO. A follow-up study by the same group with a larger patient population reported cytokine profiles which independently predicted HO (serum IL-3, IL-12p70 and effluent IL-3 and IL-13) or failure of wound healing (serum procalcitonin and effluent IL-6). 48 An earlier study of myositis ossificans demonstrated that muscle injury, followed by necrosis results in a steady infiltration of macrophages within the necrotic muscle, before the initiation of calcification. 90 This suggested that muscle injury and necrosis triggers the release of pro-osteogenic factors by homing inflammatory cells. Using a recently developed mouse model of neurological HO, Genêt et al 73 demonstrated that muscle-derived mesenchymal stem cells could undergo osteogenic differentiation in the presence of serum from mice subjected to spinal cord coupled with muscle injury, and that ablation of phagocytic macrophages in the injured mice resulted in a 90% reduction of HO. These observations strongly suggests that muscle injury and necrosis trigger the release of pro-osteogenic factors by tissue-resident, and homing macrophages, thereby triggering HO. Interestingly, the same cytokines and immune cells which promote HO in trauma-induced acute inflammation, trigger bone loss during chronic inflammatory conditions, 91, 92 indicating to the pleiotropic effects of immune factors over time.
Innate vs adaptive immune system in trauma-induced HO. While the role of innate immunity in promoting HO via macrophages, post-trauma has been extensively demonstrated, as described in the previous section, changes in lymphocyte signaling have also been documented, especially in FOP. One study reported dysregulation of the noncanonical BMP-p38 MAPK pathway in FOP lymphocytes, 5 and the same group also demonstrated the upregulation of the BMP-4 ligand in lymphoid cells isolated from FOP patients. 93 Recent studies have also analyzed the role of the adaptive immune system in a trauma model of HO. 94 Burn, followed by Achilles tenotomy injury, was used to induce HO in Rag1 knockout mice, deficient in both T and B lymphocytes. The authors observed 60% less HO formation in the Rag1 KO mice compared with wild-type controls. In addition, there was decrease in the osteogenic potential of MSCs isolated from these immunocompromised mice, the HO formed was immature, with foci of cartilage and disorganized trabecular bone. Interestingly, osteoclast number and activation remained unchanged in these animals. In addition to cellular adaptive immunity, lymphatic drainage has also been shown to play a central role in trauma-induced HO. 95 Using the burn-tenotomy model, the authors demonstrated that removing the inguinal and popliteal lymph nodes, ipsilateral to the tenotomy site resulted in significant decrease in the volume of HO at the injury site, in addition to a reduction in frequency of CD105 1 aV-
Most of the reports on role of immune cells in HO are in the context of the genetic disorder, FOP. With respect to innate immune cells, one such study demonstrates the involvement of mast cells from early stages of FOP, resulting in more than a 40-fold increase in their numbers in the fibroproliferative zone of FOP patients than in normal, uninjured muscle. 96 Another strong link of mast cells with HO comes from the study of Salisbury et al, 88 who demonstrated the role of neurogenic inflammatory mediators (Substance-P and calcitonin generelated peptide) in mediating mast cell degranulation, such that inhibiting degranulation with cromolyn significantly reduced HO. It would be worthwhile to study the role and dynamics of mast cells in other forms of trauma-induced HO, as well as explore the involvement of other innate and adaptive immune cells in traumainduced, nongenetic forms of HO. A recent study testing the effect of a BMP Type I receptor inhibitor in the burn/ tenotomy model reported reduction in neutrophil and macrophage frequency both in the soft tissue at the tenotomy site, as well as significant reduction in the frequency of Ly6G 1 CD11b 1 neutrophils in the bone marrow.
Infection and HO. Infection is a common risk factor associated with distinct trauma-induced HO. 57, 97, 98 Using the well-established rat model of high-energy combat injury, Pavey et al 57 recently demonstrated a significantly higher volume of ectopic bone formation at the amputation site with the early colonization of MRSA. Interestingly, MRSA is also known to be the predominant pathogen in severe burn wound infections, 99 where HO is a common occurrence. In a prospective study of patients with neurogenic HO, urinary tract infection was found to be a major risk factor for HO development. 98 Acute or chronic infection, either systemic or locally results in a heightened innate and adaptive immune response, which in turn is a driver of HO. In fact a recent study elegantly demonstrated that the extent of the traumatic injury often dictates the downstream pathogenesis and the extent of HO. While MRSA infection of a 5% sub-acute total body surface area burn resulted in the enrichment of M1 macrophages (induce proinflammatory responses) and no sepsis in the animals, a severe (.15%) total body surface area burn resulted in isolation of predominantly M2b macrophages (CCL1 1 IL-10 1 IL-12 2 ; induce anti-inflammatory responses), with 100% mortality following the same MRSA infection. Polarizing the M2b macrophages with CCL-1 antisense oligodeoxynucleotide resulted in enrichment of M1 macrophages, and attenuation of infection and subsequent inflammation, 100 indicating the potential role of macrophages in infection-mediated HO.
Vascularization and HO. Development of long bones via endochondral ossification is intricately linked to neovascularization within primary and secondary ossification centers. In physiological bone development, vascularization is a critical link between chondrocyte maturation and osteoblast recruitment to ossification centers. Hypoxia-driven HIF1a and VEGF signaling pathways within avascular growth plates are critical for survival and growth of chondrocytes, as well as stimulation of neo-angiogenesis in the surrounding region, which seeds the circulating cells and factors for osteogenesis. 101 In addition, factors from the bone marrow, like TGF-b, PDGF, IL1-b and thyroid hormone (T3) have been shown to interact with osteoblast-specific transcription factor, Cbfa1/Runx2 in nascent cartilage to induce vascularization, followed by endochondral ossification of the growth plate. 102 Mice lacking various isoforms of VEGF display impaired angiogenesis and endochondral ossification. 103 Ortega et al 104 demonstrated intricate orchestration between VEGF-mediated vascularization of hypertrophic cartilage, MMP-9-mediated extracellular matrix remodeling and osteoclast recruitment during the physiological process of long bone development. Earlier studies have demonstrated aberrant vascularization and hypertrophic chondrocyte (HC) ossification at the growth plate in MMP92/2 mice. 105 Using this mouse model, the authors showed an increase in both transcription and translation of VEGFA in late hypertrophic chondrocytes during endochondral ossification in these mice, though the release of the VEGFA protein from the HC matrix, and its subsequent activity was comparable to wild-type mice. Analysis of the extracellular matrix revealed that MMP9 deficiency affected the HC ECM structure, and thereby its degradation, resulting in low bioavailability of the VEGA protein for endothelial cell homing. In addition to impairing vascularization, VEGF deficiency also resulted in the accumulation of TRAP 1 osteoclasts at the chondroosseous junction. Exogenous treatment with VEGFA resulted in improved vascularization, normalization of osteoblast number, and restored normal ossification. A similar study demonstrated the requirement of MMP-13 in the conversion of growth plate cartilage to endochondral bone, 106 possibly via similar interactions with hypoxia-induced growth factors. The same hypoxia-driven pathways are essential during the initial phase of wound healing after soft tissue trauma. 107, 108 The link between soft tissue trauma, hypoxia and ectopic bone formation was unraveled by Agarwal et al 66 in a study of trauma-induced HO in a burntenotomy model and in genetic models of HO, where they demonstrated a marked decrease in heterotopic ossification by pharmacological or lineage-specific genetic inhibition of HIF1a.
Neurological component of HO. The periosteal bone surface is known to be covered by primary sensory and sympathetic axons. These are present in highest density in mineralized matrix, in regions of highest turnover, and innervate the marrow cavity. 109 Chemical destruction of sensory nerves in a mouse model resulted in reduced bone volume, 110 and sciatic nerve resection in rats was shown to impair longitudinal bone growth and fracture healing. 111 Similar findings were noted in human subjects, where there was abnormal or delayed skeletal repair in patients with poor nerve function. 112 These studies clearly demonstrate an intricate relation between skeletal nerve function and bone growth.
As mentioned earlier, using a BMP-2-mediated HO model, Salisbury et al 88 demonstrated sustained neurogenic inflammation, mediated by sensory nerveassociated mast cells, in response to the pain mediators, Substance-P and calcitonin gene-related peptide during the progression of HO. Furthermore, in TRPV12/2 animals lacking functional sensory neurons, or by administering inhibitors that block binding of pain mediators to their receptors, HO was significantly diminished, in the presence of BMP-2. The same group recently demonstrated that a subpopulation of endoneurium-resident claudin 1 cells, which also express PDGFRa, mushashi 1, p75 and Tie2, mark early osteoprogenitors in the BMP-2-induced HO model. 113 It was shown that these cells migrate into circulation as early as 24 hours post BMP injection via the endoneurial vessels, and extravasate to the site of HO. This study indicates a direct contribution of neurons in the pathogenesis of HO. It would be interesting to explore if this mechanism holds true in the different forms of trauma-induced HO as well.
Most developing tissues regulate their extent of innervation by secreting neurotrophins, growth factors which activate tyrosine kinase receptors, thereby promoting the survival of neurons. 114 Interestingly, a large majority of the sensory neurons in mature bone express the tyrosine kinase receptor type 1 (TrkA receptor), which has high affinity for the neurotrophin, nerve growth factor (NGF). 115 Using the TrkA-LacZ mice, in which one Trka allele is replaced with LacZ, the authors observed LacZ 1 axons innervating the hindlimbs via the lumbar plexus, and terminating in the perichondrial region of the femur, around embryonic day (ED) 14.5, when endochondral ossification ensues from the cartilaginous matrix. 116 Using the LacZ and Thy1-YFP mice models, time-course analysis showed progressive increase in density of these axons, and by postnatal day 0, labeled nerve projections had covered the entire mineralizing bone collar, ending at the growth plate. Using a NGF-EGFP reporter mice, this group observed simultaneous expression of NGF in small groups of perichondrial cells, around ED14.5, along with the appearance of osterix-expressing chondrocytes adjacent to the NGF expressing cells. These steps preceded the vascularization of the primary ossification center. In addition expression of NGF was the highest in immature chondrocytes and osteoblasts, its levels decreasing along endochondral differentiation pathway. Inhibition of TrkA signaling was shown to attenuate innervation, vascularization, and primary ossification, indicating the involvement and importance of nerve growth factor signaling in trauma-induced HO. Considering the intricate crosstalk between nerve function and inflammation, it would be worthwhile exploring the status of nerve growth factors and their receptors in HO occurring post injury.
Stem cells responsible for HO. Much work has been done to elucidate the cells responsible for traumatic HO. Many different models have been used and the recent emergence of Cre lineage tracing systems has allowed for lineage tracing experiments. The Cre lineage systems can be difficult to interpret given that trauma can activate gene expression rendering it impossible to differentiate active expression from the original lineage.
In addition, when new Cre drivers are described, their full tissue distribution may not have been defined. Inducible Cre systems (CreER) have gained increasing use for lineage marking as they allow for marking of a specific lineage in the adult animal which can be done both before and after the injury. Early work proposed vascular cells as the progenitor cells for HO 117 ; however, recent reports indicate that endothelial to mesenchymal transition, though present, does not cause the majority of HO in trauma. 65 These earlier studies used a Tie2 lineage marker which was thought to only define endothelial cells but have since also been shown to exist in inflammatory cells. Similarly Ve-Cadherin-Cre which marks endothelial cells can also mark chondrocytes which makes Ve-CadCreER a better system to track these cells. In addition, bone-chondro-stromal progenitor cells which are the cell lineage responsible for bone development do not compose the majority of developing HO tissues. 118 Recent studies have revealed that the predominant cell types underlying the initiation and progression of traumatic and genetic HO comprise of connective tissue-resident progenitor cells, marked by either Prx, 66 Scleraxis 14,62 or Mx1. 14 Prx is more widely distributed than Scleraxis, however, both mark connective tissue cells including perimysium and peritenon. Both also do not mark endothelial cells, myocytes, or cells of the hematopoietic lineage. This is consistent with what is seen clinically, as HO forms along fascial planes, in perimysium and at sites of entheses. These reports also demonstrate the differential tissue-specific responsiveness to injury and predisposition to HO. Tendons, which are highly enriched in scleraxis1 cells, are prone to HO even in the absence of injury, whereas intramuscular HO appears to be highly injury dependent.
14 Whether the different lineages mark the same mesenchymal cell type in different tissues, or represent distinct progenitors, needs to be explored.
Role of BMP receptors and ligands in trauma-induced HO. Bone morphogenetic proteins (BMPs), members of the TGF-b superfamily, are the classical osteoinductive growth factors, which bind to transmembrane serine/threonine kinase receptors, and mediate signaling through Smad 1/5/8-dependent or Smadindependent mechanisms. 119 The ligands BMP 2 and 4 have been routinely injected in animal models to create an osteo-permissive tissue environment, to study the mechanisms of ossification. Over the last few years, presence of BMPs and its downstream targets have been demonstrated in multiple traumainduced HO lesions. [120] [121] [122] [123] [124] Levels of BMP-1 and 4, TGF-b1, cartilage oligomeric matrix protein, GDF-10, and integrin-b2 were found upregulated in early fibroproliferative lesions in traumatized muscle. 121, 122 High levels of BMP-9 within mature HO lesion were reported in a patient with traumatic lower extremity HO. 124 A study of combat injuries demonstrated significant upregulation of multiple osteogenic transcripts (BMP-2, SMAD1, ALPL, among others) in wounds with HO than those without HO. 123 Put together, these studies demonstrate the presence of an osteoinductive microenvironment post trauma, which triggers onset of HO.
TREATMENT AND PROPHYLAXIS
Treatment. Surgical excision of the heterotopic bone has been the primary treatment modality for traumainduced HO. 125 Surgery must address not only the ectopic bone but also the joint and surrounding ligaments that are often contracted in the affected limb. However, the timing and efficacy of surgical excision have been controversial due to the issue of recurrence post HO excision. 67, 126 The extent of recurrence appears to be trauma-specific. For example, there are more reports of recurrence of HO associated with TBI 67, 127 than with blast injury. 126, 128 Traditionally, surgical intervention would be postponed for almost a year, with the belief that this delay prevents HO recurrence. 129 Analysis of HO recurrence cases among traumatic brain injury patients revealed that early excision of HO did not necessarily result in later recurrence. 130, 131 In case of blast injury-induced HO, detailed retrospective analysis of patient data demonstrated that recurrence requiring re-excision was common when there was partial excision of the initial HO, 128 and had no correlation with postoperative prophylaxis, grade of HO, or the experience of surgeons performing the excision. Also, they reported no correlation between the timing of primary HO excision and the risk of recurrence. Another retrospective study of patients with trauma-induced axial HO reported that early excision of HO is effective, resulting in low recurrence. 129 Hence, despite being the mainstay approach in treatment of traumainduced HO, excision of the heterotopic bone may or may not result in complete abrogation of HO, with a finite chance of recurrence over long term. The mechanism(s) or underlying reason(s) for recurrence following excision is not known, but multiple prophylactic approaches have been recently discovered to minimize or eliminate recurrence of HO.
Prophylactic approaches. Localized radiotherapy (RT) has been a prevalent mode of prophylaxis against HO. Radiotherapy targets osteoprogenitors underlying ectopic bone formation in the soft tissue. Radiation is typically administered 1-5 days postoperatively, 132 owing to postoperative stabilization of the patient.
Traditionally, multiple cycles of low-dose (2 Gy) radiation was administered over an extended period, to a total of 10-20 Gy. However, recent studies have shown the efficacy of a single dose of 6-8 Gy, administered at energies between 6 and 15 MV. 133, 134 Prophylactic radiation also reduces the recurrence of HO after resection of heterotopic bone, as has been extensively demonstrated in case of knee replacement surgeries. 135 Despite the predominance of RT use toward HO prophylaxis, there are side-effects associated with its use, such as, increase in bony nonunions, and radiation-induced sarcoma. 136 Anti-inflammatory drugs, specifically corticosteroids (prednisone, dexamethasone) and NSAIDs (Eg: aspirin, indomethacin, COX-2 specific inhibitor, celecoxib) are popular prophylactic agents against HO. 137 While corticosteroids inhibit production of proinflammatory factors involved in chronic inflammation by blocking their transcription, 138 NSAIDs target proinflammatory prostaglandins, which are known to potently stimulate bone formation, bone mass, and bone strength as well as heterotopic bone formation, 139 and thereby limit osteogenic differentiation of progenitors. 125 Clinically, most of these drugs have comparable inhibitory effect on HO, though they are limited by their side effects, such as gastric bleeding. 140 However, head-to-head comparison of the broad COX inhibitor, indomethacin, and the COX-2-inhibitor, celecoxib revealed significantly higher side effects of indomethacin compared with celecoxib. 141 The timing of treatment also appears to be crucial in mediating specific inhibition of HO. NSAIDs and corticosteroids typically need to be administered immediately after the trauma to inhibit the development of HO. However, once formation of ectopic bone has initiated, these drugs are not effective in blocking HO. 142 Despite their strong potential to block the first step of traumainduced HO (inflammation), their use is limited due to severe adverse side effects of these drugs 125, 143 and in cases of fractures, the potential risk of fracture non-union.
Bisphosphonates are often the drug of choice for later stages of HO, when heterotopic bone formation has already begun. 142 Bisphosphonates inhibit HO by inducing apoptosis of osteoclasts, thereby reducing calcification. 144 The most commonly used bisphosphonate is disodium editronate and the effectiveness of this drug has been extensively observed in neurological HO, 142, 145 in addition to burn injury-induced HO. 146 In this case as well, the timing of drug administration appears to be crucial, where it is most effective when administered in the early stages of HO development. BMP pathway inhibitors comprise another group of small molecules, targeting the cartilage and bone forming stages of HO. 51, 147, 148 These inhibitors include the BMP inhibitor Noggin and BMP type I receptor inhibitors, which inhibit receptor dimerization and thereby Smad-dependent downstream signaling. 149 Though these inhibitors show tremendous potential in blocking both early-and late-stage HO, adverse effects arising from nonspecific targeting of BMP signaling might be a concern, since BMP receptors are ubiquitous, and utilized by every organ system. RARg agonist (palovarotene), an activator of nuclear retinoic acid receptor g was recently reported as a very promising small molecule inhibitor of both geneticand trauma-induced HO. 12, 150 Since chondrogenesis requires decrease in the levels of RAR, use of an RAR agonist inhibits chondrogenesis, and therefore heterotopic endochondral ossification. 151 On the contrary, inhibition of RAR was shown to promote endochondral ossification. 79 Utilizing the blast injury model in rats, Pavey et al 58 reported the mitigation of blast injury-induced heterotopic ossification on treatment with the RARg agonist, palovarotene. However, use of this therapeutic also led to substantial wound healing complications in a contaminated wound model leaving concern of its use postoperatively or in burn patients. Using the subcutaneous BMP-2 implantation model, a very recent study demonstrated that a combination of palovarotene and corticosteroids effectively inhibited HO by both distinct and common mechanisms. Both drugs led to the inhibition of NFkB and reduction in the number of mast cells and macrophages at the affected site. 50 Other prophylactic means have been recently reported to inhibit trauma-induced HO. One of them is systemic administration of hydroxyethyl starch, which results in the disruption of the hypoxic microenvironment of the affected area by enhanced microcirculation, 152 thereby inhibiting HO. Pulse low-intensity electromagnetic field therapy is based on the same principle as hydroxyethyl starch, whereby magnetic field is used to increase blood flow to the injured area, thereby decreasing hypoxia and toxic by-products post injury. 142 The efficacy of pulse low-intensity electromagnetic field therapy was shown in preventing HO post spinal cord injury.
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HIF1a and mTOR-signaling pathway inhibitors. Given the importance of early hypoxic signaling in chondrogenesis and eliciting inflammation, which precedes traumatic HO, HIF1a targeted therapies offer potential for early HO prevention. HIF1a is an appealing target as it is central to inflammatory cell migration, mesenchymal condensation, and chondrogenesis. In fact a recent study demonstrated that inhibition of the HIF1a pathway by PX-478 or rapamycin successfully abrogated both genetic and burn/tenotomy-induced heterotopic ossification. 66 The current in-clinic or investigational therapies reported for HO have been listed in Table I . All current prophylactic modalities, though effective, have several important off-target effects. These off-target effects are especially important in the setting of a wound or post-surgical field as therapies that decrease inflammation may delay wound healing. Thus, the timing of treatment is as important as the mechanism of action. Ideally, a treatment would be able to be administered for a brief time course thus minimizing off target effects and delayed wound healing.
CONCLUSION
In summary, formation of extraskeletal bone is a common occurrence after extensive soft tissue injuries, like those seen in knee and hip replacement surgeries, thirddegree burns, spinal cord and brain injuries, and in severely wounded service members with extremity amputations. Over the last few years, multiple animal models have been developed to study each form of trauma-induced HO in its unique settings. Despite vast differences in the initiating trauma, the fundamental mechanism of ectopic bone formation is similar for all injuries, involving inflammation at the site of injury, followed by vascularization, infection in some cases, nerve innervation, chondrogenesis, and finally culminating in osteogenic differentiation of tissue-resident progenitors (Fig 2) . This common mechanistic basis of traumainduced HO, also closely matches the genetic form of HO, FOP. This has helped develop at the preclinical level, multiple prophylactic and treatment modalities. With extensive crosstalk and ongoing collaborations among research groups working on distinct traumadriven complications, there is tremendous hope for effective treatment(s) for patients suffering from HO.
Despite this significant progress, several knowledge gaps remain in this field. Trauma or injury is the primary trigger of HO. However, very little is known about the immune cell kinetics of HO, systemically and at the site of injury. A detailed characterization of the local and systemic signaling inflammatory-chondro-osteoangiogenic response and immune cell changes occurring immediately after a trauma, and their impact on the development of mature ectopic bone is critical to develop effective interventions at early stages of HO initiation. These kinetics might also be different for every trauma, which in turn will dictate fine tuning of targeting strategies. Second, the origin and identity of progenitor cells underlying ectopic endochondral ossification is still a controversy. Considering the involvement of simultaneous processes during ectopic ossification (tissue remodeling, matrix formation, angiogenesis, innervation, mineral deposition), all being carried out by distinct cell types, it is possible that HO formation requires the participation of multiple progenitors, instead of a master progenitor. Here again, understanding the timing of activation of individual progenitor populations would give important insights into timeline of targeting each critical process leading to HO.
As Table I summarizes, multiple treatment and prophylactic measures targeting HO are currently in clinic. However, each of them suffers from serious limitations, reducing their effective/extensive use. There is need of exploring the clinical efficacy of the multiple investigational therapies, which have shown very promising results in animal studies, or for a few like RARg agonists, as far as in phase I clinical trials. Another important aspect is the occurrence of bone fractures in these complex trauma cases, which often complicate specific targeting of HO, since mechanisms of fracture healing and HO development closely overlap. Determining the fine molecular differences between these two processes would greatly enable development of HO-specific therapies, without interfering with fracture healing. Put together, significant research on the cellular and molecular kinetics of trauma-induced HO is needed to develop a standard, effective, and sustainable prophylactic or treatment regimen. On the clinical front, much work needs to be done at determining the effective timing, dose, and combination of available therapeutic/prophylactic regimens to be administered to manage HO, without aberrantly altering normal wound healing. 
